Subplate neurons (SPn) play an important role in the formation of thalamocortical connections during early development and show glutamatergic and GABAergic spontaneous synaptic activity. We characterized these synaptic inputs by performing whole-cell recordings from SPn in somatosensory cortical slices of postnatal day 0-3 rats. At -70 mV, electrical stimulation of the thalamocortical afferents elicited in 68% of the SPn a monosynaptic CNQX-sensitive postsynaptic current (PSC). These fast PSCs were mediated by AMPA receptors, because they were prolonged by cyclothiazide and blocked by GYKI 52466. On membrane depolarization, thalamocortical stimulation elicited in 50% of the cells an additional slow monosynaptic component mediated by NMDA receptors. The mechanisms by which the thalamocortical connections in the developing cortex become topographically ordered are not completely understood. During the initial, fetal developmental stage, ingrowing thalamic axons are guided to their appropriate cortical targets by molecular cues intrinsic to the cortex (for review, see Rakic, 1988; Bolz and Castellani, 1997; Levitt et al., 1997) . In the second, perinatal phase, the thalamocortical innervation may be refined in an activity-dependent manner (for review, see Katz and Shatz, 1996; Feller, 1999; Zhang and Poo, 2001 ). An important function for this refinement process is attributed to early generated neurons forming the subplate (Catalano and Shatz, 1998). Subplate neurons (SPn), a heterogeneous population of cells located directly under the cortical plate (Kostovic and Rakic, 1980; Valverde et al., 1989) , are actively involved in the pathfinding of corticopetal and corticofugal axonal projections. During early development, thalamocortical axons grow toward the cortex and form temporary synapses on SPn (Rakic, 1977; Catalano and Shatz, 1998) . Whether these axons "wait" in the subplate (Rakic, 1977; Ghosh and Shatz, 1992a) or directly grow to their final targets in layer IV (Kageyama and Robertson, 1993) remains controversial. However, deletion of the subplate (Ghosh and Shatz, 1992b) or its improper differentiation (Zhou et al., 1999) causes an inappropriate thalamocortical innervation and prevents the accurate formation of layer IV. These data indicate that molecular markers as well as electrical activity patterns in the subplate may influence the ingrowing thalamocortical axons.
Subplate neurons (SPn) play an important role in the formation of thalamocortical connections during early development and show glutamatergic and GABAergic spontaneous synaptic activity. We characterized these synaptic inputs by performing whole-cell recordings from SPn in somatosensory cortical slices of postnatal day 0-3 rats. At -70 mV, electrical stimulation of the thalamocortical afferents elicited in 68% of the SPn a monosynaptic CNQX-sensitive postsynaptic current (PSC). These fast PSCs were mediated by AMPA receptors, because they were prolonged by cyclothiazide and blocked by GYKI 52466. On membrane depolarization, thalamocortical stimulation elicited in 50% of the cells an additional slow monosynaptic component mediated by NMDA receptors. Stimulation of the cortical plate evoked in 72% of SPn a monosynaptic AMPA receptor-mediated PSC with an additional NMDA component at depolarized membrane potentials and in 40% of the investigated cells polysynaptic responses, depending on GABA A and NMDA receptors. Stimulation of the subplate elicited in 67% of SPn a monosynaptic dual-component PSC mediated by AMPA and NMDA receptors activated at -70 mV and in 12% of SPn a monosynaptic single-component PSC mediated by AMPA receptors with an additional NMDA component activated at depolarized membrane potentials. A monosynaptic GABAergic response could be observed in 68% of SPn after stimulation of the subplate. In gramicidin-perforated patch recordings, bath application of GABA caused membrane depolarization to -40 mV and elicited action potentials. These results demonstrate that SPn receive distinct functional synaptic inputs arising from the thalamus, cortical plate, and subplate, indicating that SPn are capable of integrating and processing information from cortical and subcortical regions.
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The mechanisms by which the thalamocortical connections in the developing cortex become topographically ordered are not completely understood. During the initial, fetal developmental stage, ingrowing thalamic axons are guided to their appropriate cortical targets by molecular cues intrinsic to the cortex (for review, see Rakic, 1988; Bolz and Castellani, 1997; Levitt et al., 1997) . In the second, perinatal phase, the thalamocortical innervation may be refined in an activity-dependent manner (for review, see Katz and Shatz, 1996; Feller, 1999; Zhang and Poo, 2001 ). An important function for this refinement process is attributed to early generated neurons forming the subplate (Catalano and Shatz, 1998) . Subplate neurons (SPn), a heterogeneous population of cells located directly under the cortical plate (Kostovic and Rakic, 1980; Valverde et al., 1989) , are actively involved in the pathfinding of corticopetal and corticofugal axonal projections. During early development, thalamocortical axons grow toward the cortex and form temporary synapses on SPn (Rakic, 1977; Catalano and Shatz, 1998) . Whether these axons "wait" in the subplate (Rakic, 1977; Ghosh and Shatz, 1992a) or directly grow to their final targets in layer IV (Kageyama and Robertson, 1993) remains controversial. However, deletion of the subplate (Ghosh and Shatz, 1992b) or its improper differentiation (Zhou et al., 1999) causes an inappropriate thalamocortical innervation and prevents the accurate formation of layer IV. These data indicate that molecular markers as well as electrical activity patterns in the subplate may influence the ingrowing thalamocortical axons.
SPn express NMDA receptors, AM PA / kainate receptors (Herrmann, 1996; Smith and Thompson, 1999) , and GABA A receptors (Huntley et al., 1990; Meinecke and Rakic, 1992) , which may be involved in glutamatergic and GABAergic synaptic transmission. Furthermore, SPn exhibit symmetrical as well as asymmetrical synapses with mature structural properties (Chun and Shatz, 1988; Herrmann et al., 1994) , suggesting that they receive inhibitory and excitatory synaptic inputs. Electrophysiological evidence for functional synaptic inputs onto SPn has been provided by Friauf et al. (1990) and Friauf and Shatz (1991) , and using whole-cell recordings from visually identified SPn, we have previously identified spontaneous synaptic inputs mediated by AMPA, NMDA, and GABA A receptors (Hanganu et al., 2001) . These data indicate that SPn are integrated in a synaptic circuit, which is transiently expressed in the developing cortex.
We performed whole-cell recordings from visually identified and biocytin-labeled SPn in neonatal rat cortical slices to study the functional properties of stimulus-evoked synaptic inputs arising from the thalamus, the cortical plate, including layers V and VI, and the subplate. Our data indicate that SPn receive an AMPA and NMDA receptor-mediated input from all three structures and a GABAergic input from other SPn, supporting the hypothesis that the subplate may function as a transient relay station integrating subcortical and cortical inputs during early development. We also performed gramicidin-perforated patch recordings to address the question of whether GABA application has a hyperpolarizing or depolarizing effect on SPn in newborn rat cortex.
MATERIALS AND METHODS
Slice preparation and electrophysiolog ical recordings. All experiments were conducted in accordance with the national laws for the use of animals in research and approved by the local ethical committee. The preparation of brain slices and the whole-cell patch-clamp recording techniques were similar to those described previously (Hanganu et al., 2001) . Briefly, 0-to 3-d-old male Wistar rats were anesthetized by hypothermia and decapitated. Whole-brain coronal slices (400 m thick) including the primary somatosensory cortex were cut on a vibroslicer (TPI, St. L ouis, MO) and divided into two hemispheres. Slices were maintained Ͼ1 hr at 33°C in a storage chamber before transferring them into submerged recording chamber. During preparation and recording procedures, the slices were maintained in artificial C SF (AC SF) containing (in mM): 124 NaC l, 26 NaHC O 3 , 3 KCl, 1.6 CaCl 2 , 1.8 MgC l 2 , 1.3 NaH 2 PO 4 , and 20 D-glucose, pH 7.4, after equilibration with 95% O 2 and 5% C O 2 (osmolarity, 333 mOsm).
Whole-cell and perforated patch recordings were obtained from SPn visualized with video-enhanced infrared Nomarski optics in a recording chamber mounted on the fixed stage of an Axioskop microscope (Z eiss, Oberkochen, Germany). All recordings were performed at 32-33°C. Recording electrodes (8 -15 M⍀) were filled with standard electrode solution containing (in mM): 117 K-gluconate, 13 KC l, 1 C aC l 2 , 2 MgC l 2 , 11 EGTA, 10 K-H EPES, 2 NaATP, and 0.5 NaGTP. For determination of the current-voltage relationship of postsynaptic currents (PSC s), 10 mM lidocaine N-ethyl bromide (QX-314) was added to the electrode solution to block voltage-dependent sodium channels. For the investigation of GABA A receptor-mediated synaptic currents, K-gluconate was replaced by 117 mM KC l. For perforated patch recordings, gramicidin (dissolved in DMSO) as a perforation agent was added in a final concentration of 1 g /ml to an electrode solution containing (in mM): 126 K-gluconate, 4 KC l, 1 C aC l 2 , 2 MgC l 2 , 11 EGTA, and 10 K-H EPES. The electrode solutions were adjusted to pH 7.4 with 1 M KOH and to an osmolarity of 306 mOsm with sucrose.
C apacitance artifacts and series resistance were minimized using the built-in circuitry of the patch-clamp amplifier (EPC9; Heka, Lambrecht, Germany, for whole-cell recordings; and SEC05L; N PI, Tamm, Germany, for perforated patch recordings). The signals were low-passfiltered at 2.9 -3 kHz, recorded online, and analyzed with WinTida Software (Heka). For perforated patch recordings, the progress of perforation was evaluated by monitoring the capacitative current transient to a 10 mV step in holding potential. Series resistances Ͻ35 M⍀ obtained after 5-30 min represented the premise for starting the recordings. All potentials were corrected for liquid junction potentials with Ϫ10 mV for the gluconate-based electrode solution (Mienville and Pesold, 1999) and Ϫ4 mV for the high-chloride electrode solution (Marty and Neher, 1995) . The resting membrane potential (RM P) was measured immediately after obtaining the whole-cell configuration. For the determination of the input resistance (R in ), hyperpolarizing current pulses of 2 sec duration were applied from a holding potential of Ϫ70 mV.
Histolog y and morpholog ical anal yses. In all experiments, 0.5% biocytin (Sigma, Deisenhofen, Germany) was included in the patch electrode solution for later morphological cell identification. Intracellular diff usion of biocytin from the electrode followed by active transport resulted in adequate filling of the recorded neurons (Figs. 1C, 2) . The staining protocol for biocytin was described previously (Schröder and L uhmann, 1997) . For combined biocytin and Nissl staining, osmium tetroxide was omitted from the reaction. Biocytin-stained neurons were analyzed in their somatodendritic properties using an Axioskop microscope (Z eiss) equipped with a drawing tube, and camera lucida reconstructions were made at 250ϫ magnification. An Axiophot II microscope (Z eiss) equipped with a motorized Z stage was used to take digital photographs (Fig. 2) as Z stacks with a CoolSNAP CCD camera (Visitron Systems, Puchheim, Germany). Such stacks were processed with MetaView 4.5 (Universal Imaging Corp., West Chester, PA) using the minimum projection to achieve an "extended focus view."
Pharmacolog ical procedures. All substances were purchased from Merck (Darmstadt, Germany) with the exception of C NQX and QX-314, which were from Tocris (Ballwin, MO), GABA and ␣-(4-hydroxyphenyl)-␤-(4-benzylpiperidin-1-yl)-␤-methylethanoltartrate (ifenprodil), which were from Sigma, and (Ϯ)-or R(Ϫ)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (C PP), 2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl) pyridazinium bromide (gabazine), cyclothiazide (CYZ), and tetrodotoxin citrate (TTX), which were from Research Biochemicals (Natick, MA). 1-(4-Aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine (GYKI 52466) was kindly provided by Dr. I. Világi (Eöt-vös Loránd University, Budapest, Hungary). Stock solutions of these drugs were prepared as follows: TTX, CPP, GABA, and ifenprodil in distilled water; CNQX, gabazine, and CYZ in DMSO; and GYKI 52466 in HCl. Stock solutions were stored at -20°C and diluted in ACSF on the day of the experiment. QX-314 was dissolved directly in the electrode solution on the day of the experiment. The maximal concentration of DMSO in the superf usate was 0.1%. The drugs were bath-applied after stable control recordings were obtained for at least 6 min and reached a synaptic location within the first 5 min of application. During perforated patch recordings, GABA was bath-applied for 10 -30 sec. Generally, a drugfree AC SF wash was applied before and after each drug application. A partial or complete washout was obtained after 5-45 min. During an experiment, the series resistance was continuously controlled. T ypical recordings lasted 30 -60 min, and up to four drugs were tested on the same cell.
E xtracellular stimulation. A bipolar tungsten electrode (5 M⍀; F HC, Bowdoinham, M E) was used for electrical stimulation of the thalamocortical afferents (TAs) and the cortical plate (C P), including layers V and V I and the subplate (SP), whereas the stimulus-evoked PSC s were recorded in SPn. The positions of the extracellular electrode in cortical and subcortical regions are indicated schematically in Figure 1 A. For a precise stimulation of the TA, we determined in 10 slices the path of the thalamocortical projection by injecting a biocytin crystal into the cortex (for details, see Staiger et al., 1999) . In accordance with previous anatomical studies (Shatz and L uskin, 1986; Molnár et al., 1998) , these extracellular biocytin injections in newborn rat cortical slices revealed the characteristic path of thalamocortical axons (Fig. 1B) . For electrical stimulation of the TA, a bipolar tungsten electrode (tip separation, 600 -800 m) was positioned in the internal capsule ϳ500 m laterally to the recorded cell ( Fig. 1 A,B) . The deeper C P layers including layers V and V I or the subplate were stimulated with a bipolar tungsten electrode with a tip separation of 150 -200 m, and a horizontal cut was performed directly below the white matter to eliminate possible inputs from subcortical regions. Because the connections between the C P and the subplate are organized radially (Antonini and Shatz, 1990) , the C P stimulation electrode was positioned in the same vertical axis as the recorded cell. For electrical stimulation of the subplate, the stimulation electrode was placed ϳ200 m laterally to the investigated SPn. In all experiments, the duration of the electrical stimulus was 70 sec. The intensity of the stimuli varied between 20 and 85 V for stimulation of TA and between 0.5 and 85 V for stimulation of the C P and subplate. Unless otherwise noted, stimuli were delivered at 0.033 Hz. Four to 10 stimulus-evoked responses were recorded under control conditions and after drug application to ensure the action of antagonists. The PSC s were analyzed with WinTida software (Heka) in their peak amplitude, onset latency, rise time, and decay time constant. The latency was measured from the beginning of the stimulus artifact to the onset of the PSC. Rise time was determined as the interval between baseline and peak current amplitude, and the decay time constant () was calculated by fitting a single or double exponential f unction to averaged PSC s using a simplex algorithm. Correlation coefficients were calculated using a least squares linear regression analysis. Voltage steps of 20 mV between -90 and ϩ30 mV were applied to determine the current-voltage relationship of the synaptic inputs.
Data are presented as mean Ϯ SEM. For statistical analyses, the two-tailed Student's t test, one-way ANOVA test, and 2 test were used. Significance levels of p Ͻ 0.05, p Ͻ 0.01, and p Ͻ 0.001 were considered.
RESULTS
Whole-cell recordings were performed from 306 SPn in somatosensory cortical slices from postnatal day 0 (P0) to P3 rats. The subplate was identified under video-assisted Nomarski microscopy and in Nissl-stained sections (Fig. 1C) as a layer characterized by a relatively low cell density and by the presence of horizontally oriented neurons (Bayer and Altman, 1990 ). In contrast, the CP and layers V and VI above the subplate show a high cell density and radially oriented neurons. The cell-sparse white matter marks the lower border of the subplate. The appearance of SPn under video-assisted Nomarski microscopy (Hanganu et al., 2001, their Fig. 1 A) , their characteristic firing pattern (Friauf et al., 1990; Luhmann et al., 2000; Hanganu et al., 2001) , and their morphological properties after histological processing for biocytin ( Fig. 2 ) served as additional criteria to identify the SPn.
Morphological properties of SPn
The exact morphology of 178 SPn was analyzed in more detail (Fig. 2 ). According to previously described morphological criteria (i.e., the form of the soma and the orientation of the dendritic tree; Wahle et al., , 1994 DeAzevedo et al., 1997) , six types of SPn were characterized. Horizontal bitufted (Fig. 2 A) (n ϭ 53) and monotufted ( Fig. 2 B) (n ϭ 18) SPn showed a spindle-like, horizontally orientated soma with primary dendrites extending parallel to the pial surface in opposite directions or in only one direction. Neurons with a round or ovoid soma and multiple primary dendrites with no preferential orientation were classified as multipolar SPn (Fig. 2C ) (n ϭ 48). Inverted pyramid SPn (Fig.  2 D) (n ϭ 31) showed a triangular or round soma with a major dendrite oriented toward the white matter. Tripolar (pyramidlike) SPn (Fig. 2 E) (n ϭ 25) had a triangular or round soma and a major dendrite oriented to the pial surface. Three SPn showed a vertically oriented soma and radial dendrites and were classified as vertical SPn. Because we could not detect any statistically significant difference between these six types of SPn in their electrophysiological properties (one-way ANOVA test) or synaptic inputs ( 2 test), data from these morphologically distinct SPn were pooled.
Membrane properties of SPn
The passive membrane properties and firing patterns were similar to those reported previously (Friauf et al., 1990; Luhmann et al., 2000; Hanganu et al., 2001) . Using a gluconate-based electrode solution, the average RMP and R in were -55.3 Ϯ 0.4 mV and 1342 Ϯ 37 M⍀ (n ϭ 184), respectively. Similar values were obtained using a chloride-based electrode solution (RMP, -54.1 Ϯ 0.7 mV; R in , 1232 Ϯ 76 M⍀; n ϭ 53). All SPn were able to fire one or repetitive overshooting action potentials in response to sustained depolarization by intracellular current injection.
PSCs evoked by stimulation of the TA
PSCs in response to electrical stimulation of the TA (TA-PSCs) could be obtained in 68% of the 59 investigated SPn (Fig. 3A ) and were completely abolished by bath application of 1 M TTX (n ϭ 8 cells). The short onset latency (5.7 Ϯ 0.3 msec; n ϭ 40 cells) and the unimodal distribution of the latencies (Fig. 3A, inset) argue for the monosynaptic character of the TA-PSCs. The amplitudes of the TA-PSCs varied considerably among the cells, ranging from 12 to 79 pA (29.7 Ϯ 2.7 pA; n ϭ 40 cells). The TA-PSCs had a rise time of 2.5 Ϯ 0.1 msec (n ϭ 40 cells), and their decay could Morphological classification of biocytin-stained SPn in newborn rat cortex. A, P3 horizontal bitufted cell with a large fusiform soma and primary dendrites oriented parallel to the pial surface. B, P2 horizontal monotufted SPn. C, P3 multipolar cell with extensive dendritic arborization within the SP and layers V and VI. D, P2 inverted pyramidal neuron with a triangular soma and "apical" dendrite oriented toward white matter. E, P3 tripolar SPn. Scale bar in E corresponds to A-E; pial surface is located toward the top. F, Bar diagram illustrating number of biocytin-stained SPn in the six morphological cell classes. Letters refer to the corresponding photomicrograph.
be best fitted with a monoexponential function (mean decay time constant, 5.4 Ϯ 0.7 msec; n ϭ 40 cells) (Fig. 3A) . This fast kinetic represents a typical feature of AMPA/kainate receptor-mediated PSCs (Trussell et al., 1988; Colquhoun et al., 1992) , and similar kinetics have been reported previously for AMPA receptormediated spontaneous PSCs recorded in SPn (Hanganu et al., 2001) . Bath application of 10 M CNQX (n ϭ 8 cells) blocked the TA-PSCs (Fig. 3A) , supporting the assumption that these responses were mediated by activation of AMPA/kainate receptors. This CNQX effect was partially reversible in five SPn. To discriminate between AMPA and kainate receptors, we investigated in six cells the modulation of TA-PSC by cyclothiazide, a drug known to slow the desensitization of AMPA but not of kainate receptors (Partin et al., 1993) . Bath application of 100 M cyclothiazide caused a significant (t test; p Ͻ 0.05) and reversible prolongation in the decay time constants of the TA-PSCs to 339 Ϯ 107% of the control value (Fig. 3B) . Furthermore, the TA-PSCs were completely blocked in five of five cells by 80 M GYKI 52466, a selective AMPA receptor antagonist (Paternain et al., 1995) . These results indicate that at a holding potential of -70 mV, TA-PSCs are mediated by AMPA receptors.
TA-PSCs were not elicited until a critical threshold of stimulus intensity (varying between 20 and 85 V) was reached and a further increase of stimulus strength did not significantly modify their amplitude or shape (Fig. 3C) . Therefore, the SPn respond to stimulation in an all-or-none manner, depending on whether TA fire. Antidromic action potentials could never be observed in SPn in response to TA stimulation, even at maximal intensities. These data may indicate that the axonal pathway of the SPn corticothalamic projection differs from the thalamocortical projection. Increasing the frequency of TA stimulation from 0.03 to 1 Hz (n ϭ 7 cells) did not significantly affect the amplitude of the recorded PSCs (Fig. 3D ) but induced in five of seven cells an increase in the failure rate from 8.5 to 28.6%. However, failures of presynaptic transmitter release cannot be unambiguously distinguished from failures of the stimulus to trigger an action potential in the TA (Debanne et al., 1996) . To assess the influence of dendritic filtering on the kinetic of the TA-PSCs, we examined the relationship between rise time and decay time constants and between amplitude and decay time constants (Burgard and Hablitz, 1993) . Regression analyses (n ϭ 40 cells) revealed a lack of correlation between these parameters (r ϭ 0.15 and 0.09, respectively), suggesting that dendritic filtering did not profoundly influence the kinetics of the TA-PSCs.
Analysis of the current-voltage relationship of the TA-PSCs indicate that NMDA receptors may also contribute to the thalamocortical inputs onto SPn. At membrane potentials positive to -50 mV, an additional slow component could be identified in 5 of 11 SPn on TA stimulation (Fig. 3E,F ) . This CNQX-insensitive component was blocked by the specific NMDA receptor antagonist CPP, indicating that NMDA receptors with a "classical" Mg 2ϩ block are implicated in the mediation of TA-PSCs. At ϩ10 mV, the pharmacologically isolated NMDA receptor-mediated component of TA-PSCs showed a mean decay-time constant of 68.7 Ϯ 7.7 msec (n ϭ 4 cells). The remaining six cells showed PSCs with a linear current-voltage relationship that were completely abolished by CNQX even at depolarized membrane potentials, indicating that they were exclusively mediated by AMPA receptors.
To assess the presence of the NMDA receptor 2B (NR2B) subunit in the composition of the NMDA receptors mediating the slow component of the TA-PSCs, ifenprodil, a selective antagonist of NMDA receptors containing the NR2B subunit (Williams, 1993; Williams et al., 1993) , was used. Bath application of 3 M ifenprodil significantly (t test; p Ͻ 0.01) reduced the amplitude from 28.2 Ϯ 4.7 to 12.5 Ϯ 1.5 pA and the decay time constants from 143.8 Ϯ 23 to 93.7 Ϯ 16 msec of the NMDA receptormediated component of TA-PSCs (n ϭ 5 cells, measured at ϩ30 mV) (Fig. 3F ) . These results indicate that the NR2B subunit responsible for a strong Mg 2ϩ block is incorporated in the NMDA receptors mediating the TA-PSCs.
TA stimulation did not elicit any GABAergic postsynaptic response in SPn. Even when the chloride concentration in the patch electrode was increased to 136 mM, which causes a shift in the chloride equilibrium potential to 0 mV, the amplitude and the kinetics of the TA-PSCs (amplitude, 40.9 Ϯ 8 pA; rise time, 2.5 Ϯ 0.2 msec; decay time constant, 7.9 Ϯ 2 msec; and latency, 4.9 Ϯ 0.5 msec; n ϭ 11 cells) were not significantly different from those measured with gluconate-based intracellular solution. Gabazine (100 M), a potent GABA A receptor antagonist (Wermuth and Bizière, 1986) , had no effect on six of six SPn when a gluconatebased intracellular solution was used and on five of five cells when a high-chloride intracellular solution was used, indicating that stimulation of the thalamocortical afferents did not activate any GABA A receptors on SPn.
PSCs evoked by stimulation in the CP
Electrical stimulation of the CP including layers V and VI elicited in 59 of 82 investigated SPn a PSC with unimodal latency distribution peaking at 5.2 Ϯ 0.4 msec (n ϭ 59 cells) and with fast rise time and decay time constants (2.4 Ϯ 1.1 and 5.2 Ϯ 0.4 msec; n ϭ 59 cells) (Fig. 4 A) . According to these results, the initial PSCs (black dot) elicited by CP stimulation are most likely to be monosynaptic (C P-monoPSC s). The mean amplitude of the CP-monoPSCs was 34.9 Ϯ 3.4 pA (n ϭ 59 cells). This initial CPmonoPSC was followed in 23 of 59 cells by a long-lasting (60 -450 msec) multiphasic PSC (Fig. 4 A) . These PSCs are likely to be of polysynaptic origin (CP-polyPSCs). Ten additional SPn exhibited C P-polyPSC s not preceded by a C P-monoPSC. The C PpolyPSCs showed variable maximal amplitudes ranging from 10 to 100 pA (mean, 38.8 Ϯ 3.7 pA; n ϭ 33 cells). The remaining 13 cells showed no response to electrical stimulation. In 7 of 82 cells, maximal stimulation intensities elicited an antidromic action potential, indicating that these SPn possess an ascending axonal projection into the CP. Both CP-monoPSCs (n ϭ 8 cells) and CP-polyPSCs (n ϭ 4 cells) were completely blocked by 1 M TTX.
At -70 mV, the CP-monoPSCs were abolished by 10 M CNQX (n ϭ 8 cells) (Fig. 4 B) , whereas the NMDA receptor antagonist CPP (20 M) had no significant effect on the amplitude or the kinetics of the monosynaptic responses (n ϭ 11 cells) (Fig.   4C) . Because CYZ (100 M) significantly (t test; p Ͻ 0.001) increased the decay time constants of the CP-monoPSCs to 337 Ϯ 34% (n ϭ 7 cells) of the control values (Fig. 4 D) , and GYKI 52466 (80 M) completely blocked these responses (n ϭ 5 cells), we conclude that at -70 mV, the CP-monoPSCs are mediated by AMPA receptors.
The CP-polyPSCs were blocked by 20 M CPP (n ϭ 6 cells) (Fig. 4C) , indicating that NMDA receptors are critically involved in the generation of this polysynaptic activity. CNQX (10 M) significantly (t test; p Ͻ 0.05) reduced the peak amplitudes of the CP-polyPSCs by 40.8 Ϯ 13.9% (n ϭ 5 cells) (Fig. 4 B) . In a bathing solution containing CNQX and CPP (n ϭ 6 cells), no synaptic responses were observed.
In contrast to the TA-PSCs, the CP-monoPSCs and particularly the CP-polyPSCs showed pronounced sensitivity to stimulus frequencies of Ͼ0.03 Hz (Fig. 4 E) . Whereas the CP-monoPSCs gradually decreased in their maximal amplitudes at frequencies between 0.03 and 1 Hz, the CP-polyPSCs were already blocked at Ͼ0.03 Hz. When 10 stimuli were applied at a constant frequency of 0.03 Hz, the CP-polyPSCs gradually diminished (n ϭ 6 cells), whereas the CP-monoPSCs were relatively stable (n ϭ 7 cells) (Fig. 4 E, inset) . Similar results have been reported previously for the immature rat cortex (Kriegstein et al., 1987; Luhmann and Prince, 1990) . The lack of a positive correlation between rise time and decay time constants (r ϭ 0.17; n ϭ 59 cells) and between amplitude and decay time constants (r ϭ 0.38; n ϭ 59 cells) of the CP-monoPSCs indicates that dendritic filtering did not profoundly influence the kinetics of CP-monoPSCs.
In 8 of 10 SPn tested, membrane depolarization to potentials positive to -50 mV uncovered an additional monosynaptic component, which was CNQX-insensitive and blocked by CPP (Fig.  4G,H ) . At ϩ 10 mV, this NMDA receptor-mediated component of the CP-monoPSCs revealed a mean decay time constant of 125.5 Ϯ 10.5 msec (n ϭ 6 cells). The remaining two SPn showed PSCs with linear current-voltage dependence, which were mediated exclusively by AMPA receptors.
The presence of the NR2B subunit in the composition of the NMDA receptors was tested in six SPn. Ifenprodil significantly (t test; p Ͻ 0.05) reduced the amplitude from 20.2 Ϯ 3.3 to 9.2 Ϯ 1.9 pA and the decay time constants from 168.6 Ϯ 25 to 72.4 Ϯ 6.2 msec of the NMDA receptor-mediated component of CPmonoPSCs (n ϭ 6 cells, measured at ϩ30 mV) (Fig. 4 H) , indicating that the NR2B subunit is incorporated in the NMDA receptors mediating the CP-monoPSCs.
To reveal possible GABA A receptor-mediated synaptic inputs arising from the CP including layers V and VI, we investigated in seven cells the effects of 100 M gabazine on CP-monoPSCs and CP-polyPSCs. Using patch electrodes with a high chloride concentration (136 mM), neither the amplitude nor the kinetics of the CP-monoPSCs was affected by gabazine (n ϭ 7 cells) (Fig. 4 F) . However, gabazine significantly (t test; p Ͻ 0.01) reduced the maximal amplitudes of the CP-polyPSCs by 63% (n ϭ 5 cells), suggesting a contribution of GABA A receptors to the polysynaptic activity elicited by CP stimulation.
PSCs evoked by stimulation in the subplate
Electrical stimulation of the subplate elicited in 34 of 43 investigated SPn a monosynaptic PSC, which in 29 SPn consisted of a dual-component PSC and in the remaining 5 SPn consisted of a single-component PSC. The dual-component PSCs (Fig. 5A) showed a unimodal latency distribution with a peak at 3.9 Ϯ 0.2 msec, an average amplitude of 35.8 Ϯ 3.4 pA, and a rise time of 2.9 Ϯ 0.2 msec, and their decay could be best fitted by a biexponential function (mean decay time constants, 5.5 Ϯ 0.7 and 92.5 Ϯ 15.7 msec; n ϭ 29 cells). These data most likely indicate a monosynaptic origin of the PSCs (SP-monoPSCs). In addition, at high stimulation intensities, five SPn revealed polysynaptic responses (SP-polyPSCs) similar to those determined for CPpolyPSCs (latency, 52.8 Ϯ 18 msec; amplitude, 39.4 Ϯ 8 pA; duration, 245-312 msec). These SP-polyPSCs were also critically dependent on NMDA receptors, because they were completely abolished in the presence of 20 M CPP (n ϭ 2 cells).
The dual-component SP-monoPSCs were characterized in more detail by bath application of AMPA/kainate and NMDA receptor antagonists. Application of 20 M CPP abolished in all 21 investigated SPn the slow decaying component of the SPmonoPSC (Fig. 5B, CPP trace) . The remaining response revealed an average onset latency of 3.7 Ϯ 0.2 msec, a mean amplitude of 41.8 Ϯ 5.4 pA, and fast rise time and decay time constants of 2.3 Ϯ 0.1 and 5.8 Ϯ 1 msec (n ϭ 21 cells), respectively. This component was blocked by TTX (n ϭ 4 cells) and CNQX (n ϭ 11 cells), indicating that action potential-dependent synaptic transmission and postsynaptic AMPA/kainate receptors are required for this response. Because in four of four cells cyclothiazide (100 M) caused a significant (t test; p Ͻ 0.01) prolongation in the decay time constant to 290 Ϯ 33% of the control (Fig. 5C) , and GYKI 52466 (80 M) blocked the response in five of five SPn, the fast component of the SP-monoPSCs is most likely mediated by AMPA receptors. Application of 10 M CNQX abolished in all seven investigated cells the fast-decaying component of the SPmonoPSCs (Fig. 5D, CNQX trace) . The remaining response revealed an onset latency of 4.9 Ϯ 0.4 msec, an amplitude of 14.6 Ϯ 3.2 pA, and significantly (t test; p Ͻ 0.01) longer rise time and decay time constants (4.7 Ϯ 0.5 and 69.5 Ϯ 9.5 msec; n ϭ 7 cells) compared with the AMPA receptor-mediated fast component (Fig. 5B) . This slow SP-monoPSCs component was blocked by 1 M TTX (n ϭ 4 cells) and 20 M CPP (n ϭ 3 cells), indicating that it requires action potential-dependent synaptic transmission and is mediated by NMDA receptors. Bath application of ifenprodil had no significant effect on the amplitude or decay time constants of the slow NMDA receptor-mediated component of the dual-component SP-monoPSCs (n ϭ 5 cells), indicating that the NR2B subunit is not present in the NMDA receptors at these synapses. Instead, the NR2C subunit may allow the activation of NMDA receptors at membrane potentials negative to -50 mV because of low Mg 2ϩ sensitivity. On membrane depolarization, the NMDA receptor-mediated component revealed a complex current-voltage relationship and at ϩ10 mV showed a mean decay time constant of 110.7 Ϯ 36 msec (n ϭ 5 cells) (Fig. 5E) .
Electrical stimulation of the subplate at frequencies Ͼ0.03 Hz caused a gradual decrease in the amplitude of the AMPA receptor-mediated component (n ϭ 5 cells) and at Ͼ0.2 Hz a blockade of the NMDA receptor-mediated component (n ϭ 3 cells). Because no correlation between rise time and decay time constants and between amplitude and decay time constants for the AMPA receptor-mediated component (r ϭ 0.02 and 0.11; n ϭ 21 cells) and the NMDA receptor-mediated component (r ϭ 0.3 and 0.04; n ϭ 7 cells) could be detected, dendritic filtering did not profoundly influence the kinetics of the fast and slow components of the SP-monoPSCs.
The single-component PSCs showed an unimodal latency distribution peaking at 5.6 Ϯ 0.8 msec, an average amplitude of 28.1 Ϯ 6.4 pA, and a rise time of 2.9 Ϯ 0.6 msec, and their decay could be best fitted by a monoexponential function (mean decay time constant, 4.7 Ϯ 0.5 msec; n ϭ 5 cells). Because the singlecomponent PSCs were completely abolished by 10 M CNQX (n ϭ 5 cells) as well as by 80 M GYKI 52466 (n ϭ 5 cells), it is mostly likely that at -70 mV, they are mediated by AMPA receptors. Analysis of the current-voltage relationship in three of seven SPn recorded with QX-314-containing electrodes revealed an additional CNQX-insensitive component at membrane potentials positive to -50 mV (Fig. 5F ). At ϩ10 mV, this component showed a mean decay time constant of 90.5 Ϯ 9.5 msec (n ϭ 3 cells) and was blocked by CPP. The remaining four SPn showed single-component PSCs with linear current-voltage dependence that were mediated exclusively by AMPA receptors. The singlecomponent PSCs revealed properties similar to those of the CP-monoPSCs and were elicited most likely by activation of axonal projections arising from layers V and VI and traversing the subplate.
The contribution of GABA A receptors to SP-monoPSCs was studied with increased chloride concentration in the patch electrode and CNQX and CPP in the bathing solution. Under this condition, 13 of 19 investigated SPn revealed a PSC, which was blocked by 1 M TTX (n ϭ 4 cells) and by 100 M gabazine (n ϭ 9 cells) (Fig. 6 A) . These GABA A receptor-mediated responses showed large amplitudes (51.5 Ϯ 8.3 pA), long rise times (4.5 Ϯ 0.6 msec) and decay time constants (67.6 Ϯ 11.3 msec), and a unimodal latency distribution with a peak at 4.3 Ϯ 0.4 msec (n ϭ 13 cells), suggesting a monosynaptic origin. According to the lack of correlation between amplitude and decay time constants (r ϭ 0.2; n ϭ 13 cells) and between rise time and decay time constants (r ϭ 0.4; n ϭ 13 cells) dendritic filtering did not profoundly influence the kinetics of the GABA A receptor-mediated SPmonoPSCs, suggesting that the slow kinetics of the responses are predominantly determined by the subunit composition of the GABA A receptor during early development (Laurie et al., 1992; Hollrigel and Soltesz, 1997) . In contrast to the glutamatergic SP-monoPSCs, increasing stimulation frequencies affected neither the kinetics nor the amplitudes of the GABA A -mediated SP-monoPSCs (n ϭ 4 cells) (Fig. 6 B) , indicating stable GABAergic connections between SPn.
Depolarizing action of GABA in SPn
GABA A receptor activation was reported to depolarize immature cortical neurons (Luhmann and Prince, 1991) (for review, see Cherubini et al., 1991; Owens et al., 1996) . To study the effects of GABA (1 mM) without altering the intracellular chloride concentration, gramicidin-perforated patch recordings (Kyrozis and Reichling, 1995) were performed on 11 SPn. At -70 mV, bath application of GABA for 10 -30 sec caused a membrane depolarization to -40 Ϯ 3.4 mV (n ϭ 11 cells) and evoked action potentials in 5 of 11 cells (Fig. 6C ). In all four tested SPn, this GABA effect was abolished by 100 M gabazine. In six cells, the perforated patch recordings were converted to whole-cell recordings, allowing the precise morphological identification of SPn. Taken together, these data demonstrate that GABA depolarizes SPn and evokes or facilitates the firing of action potentials.
DISCUSSION
The present in vitro electrophysiological study on SPn in neonatal rat somatosensory cortex demonstrates for the first time that SPn receive a distinct synaptic input from cortical and subcortical sources mediated by AMPA, NMDA, and GABA A receptors. Monosynaptic inputs arising from the thalamus and the cortical plate are mediated by AMPA receptors and "classical" NMDA receptors, which because of the presence of the NR2B subunit are activated at depolarized membrane potentials. In contrast, monosynaptic inputs from neighboring subplate neurons are mediated by AMPA receptors, classical NMDA receptors, NMDA receptors activated at -70 mV, and GABA A receptors mediating a depolarizing action. Beside these monosynaptic inputs, SPn also receive on electrical stimulation of the cortical plate or subplate a polysynaptic input mediated by glutamatergic and GABA A receptors. Our data indicate that SPn are integrated in a functional synaptic circuit consisting of the thalamocortical afferents, the cortical plate, including layers V and VI, and the subplate (Fig. 7) .
Thalamocortical inputs
Our observations on the thalamocortical input onto SPn in newborn rat somatosensory cortex are in good agreement with previous observations by Friauf et al. (1990) and Friauf and Shatz (1991) in fetal cat visual cortex. The short-onset latency, the all-or-none character, and the unimodal latency distribution of the PSCs strongly argue for a monosynaptic input. Our observation that the thalamocortical input onto SPn is mediated by AMPA and classical NMDA receptors is in good agreement with previous observations by Agmon and O'Dowd (1992) . Further support comes from immunohistochemical studies demonstrating intense NMDA receptor 1 immunoreactivity in SPn (Catalano et al., 1997) and high levels of the AMPA receptor-assembling subunits glutamate receptors 1 and 2/3 (Herrmann, 1996; Furuta and Martin, 1999) , whereas the density of kainate receptors remains relatively low (Smith and Thompson, 1999) . Our observations on the reliability of the postsynaptic responses to higher stimulus frequencies indicate a mature function of the thalamocortical synapse onto SPn, as it has also been documented by Herrmann et al. (1994) in their ultrastructural analyses. The NMDA receptor-mediated PSCs revealed a classical voltagesensitive block by Mg 2ϩ and were reduced by ifenprodil, suggesting that the NMDA receptor at the thalamocortical synapse includes the NR2B subunit (for review, see Feldmeyer and CullCandy, 1996; Cull-Candy et al., 2001) .
The lack of any antidromic activity in neonatal rat SPn may indicate that the corticothalamic axons follow a different trajectory as the thalamocortical afferents. In the developing cortex of rodents, a spatial separation of these two axonal projections has been documented (De Carlos and O'Leary, 1992; Agmon et al., 1993; Bicknese et al., 1994) and in the hamster both projection systems are separated through much of the internal capsule (Miller et al., 1993) . Therefore, it is most likely that corticothalamic axons are not well preserved under our experimental conditions.
Monosynaptic interactions between cortical plate and subplate
Previous morphological studies in kitten and ferret visual cortex have demonstrated axonal projections from layer IV spiny neurons (Callaway and Katz, 1992) and layer VI pyramidal cells (Callaway and Lieber, 1996) to the underlying subplate (Shering and Lowenstein, 1994) . Consistent with these findings, our data in neonatal rat cortex indicate that layer V and VI neurons form functional synapses with SPn. These monosynaptic connections are fragile and mediated by AMPA and NMDA receptors. The presence of the NR2B subunit may contribute to the classical voltage dependence of the NMDA receptor-mediated synaptic inputs. Because electrical stimulation of layers V and VI elicited antidromic spikes in SPn, our data are also in accordance with previous anatomical studies documenting axonal projections from SPn to the cortical plate (Assal and Innocenti, 1993; Galuske and Singer, 1996; Finney et al., 1998; Clancy et al., 2001) . Functional connections between SPn and cortical plate neurons have been demonstrated previously by Friauf and Shatz (1991) in visual cortical slices of fetal cats using current-source density analyses, and immunohistochemical studies by Finney et al. (1998) in ferrets indicate that approximately one-half of cortically projecting SPn are glutamatergic.
Synaptic interactions within the subplate
Electrical stimulation of the subplate elicited monosynaptic PSCs mediated by AMPA, NMDA, and GABA A receptors, suggesting that SPn are interconnected via a dense synaptic network using these three ionotropic receptors. High levels of AMPA and NMDA receptors are transiently expressed in the subplate (Catalano et al., 1997; Furuta and Martin, 1999; Smith and Thompson, 1999) , and long-range tangential axonal collaterals arising from inverted pyramidal cells (Assal and Innocenti, 1993; Galuske and Singer, 1996) and other SPn may form the anatomical framework to generate glutamatergic interactions within the subplate. Our data indicate that most of these glutamatergic synapses contain NMDA receptors, which are activated at negative membrane potentials, and AMPA receptors. NMDA receptor-mediated synaptic responses with a relatively weak voltage dependence of magnesium blockade have been reported previously in neonatal rat hippocampus and neocortex (Burgard and Hablitz, 1994; Kirson et al., 1999) . Because we observed a substantial NMDA component with a slow decay time constant at membrane potentials negative to -50 mV, which was not blocked by ifenprodil, NMDA receptors containing preferentially the NR1/NR2C subunit combination may be expressed at these synapses (Feldmeyer and Cull-Candy, 1996) . However, the presence of NR1-1a (exon-5-lacking) subunits with slow deactivation rates, triheteromeric NMDA receptors, or extrasynaptic receptors cannot be excluded (for review, see Cull-Candy et al., 2001) . SPn also revealed monosynaptic glutamatergic PSCs mediated by NMDA receptors with classical voltage dependence, indicating that SPn express at least two variations in NMDA receptor subunit combinations, as has been described for other cell types. It may well be that NMDA receptors with different subunit compositions function within a single neuron in a synapse-selective manner (Ito et al., 1997) .
In agreement with earlier studies in the hippocampus (Ben-Ari et al., 1989) and neocortex (Luhmann and Prince, 1991; Yuste and Katz, 1991; LoTurco et al., 1995; Owens et al., 1996) , our perforated patch recordings from SPn indicate that GABA A receptor activation has a depolarizing effect. Therefore, SPn are easily excited by network activity involving GABA A , AMPA, and NMDA receptors. However, the rapid fatigue of AMPA and especially NMDA receptor-mediated PSCs during ongoing activity prevent pathophysiological hyperexcitation of this immature network. Our data indicate that the monosynaptic and polysynaptic components involving GABA A receptor activation are generated within the subplate, because we never observed a monosynaptic GABAergic input arising from the cortical plate and layers V and VI or from the thalamus. As suggested by Kostovic and Rakic (1980) , synaptic inputs forming symmetrical synapses originate from GABAergic SPn, which form a dense, longdistance axonal network within the subplate Van Eden et al., 1989; Antonini and Shatz, 1990; Meinecke and Rakic, 1992) . The restriction of monosynaptic GABAergic PSCs to activation of the subplate also indicates that the electrical stimulation procedure preferentially activates indigenous neuronal elements (for discussion of this issue, see Hirsch, 1995) . This assumption is supported by our observation that electrical stim- ulation of the cortical plate and layers V and VI elicited monosynaptic glutamatergic PSCs with a different kinetic and voltage dependence compared with those evoked by SP stimulation.
Functional role of the subplate
Although early events in corticogenesis (e.g., regional specification, neurogenesis, migration, and establishment of crude connections) depend on genetic information and molecular cues (for review, see Levitt et al., 1997; Rubenstein et al., 1999 ), the refinement of the initial crude connectivity during a later stage of development may require neuronal activity (for review, see Katz and Shatz, 1996; Feller, 1999; Zhang and Poo, 2001) . Our data indicate that the subplate integrates and processes synaptic inputs from cortical and subcortical structures in an input-specific manner. Thalamic activity is transmitted to the subplate via reliable AMPA and NMDA receptor-mediated synapses and subsequently processed in the cortical plate. Whereas monosynaptic feedback connections from the cortical plate to the subplate are also AMPA and NMDA receptor-mediated, the subplate itself contains an intrinsic network of long-range axonal connections acting via AMPA, NMDA, and depolarizing GABA A synapses (Fig. 7) . Voigt et al. (2001) demonstrated recently that a subpopulation of large GABAergic SPn generates synchronous intracellular [Ca 2ϩ ] oscillations, which can be blocked by either glutamate or GABA A receptor antagonists. This interconnected network of large GABAergic SPn may synchronize thalamocortical inputs, intracortical activity, and modulatory inputs from subcortical sources to form early cortical ensembles. Furthermore, GABA and glutamate released from SPn may regulate neuronal proliferation in the ventricular zone (VZ) and subventricular zone (SVZ) (LoTurco et al., 1995) . Interestingly, both amino acids increase cell proliferation in the VZ by shortening the cell cycle but decrease proliferation in the SVZ (Haydar et al., 2000) . SPn are ideal candidates to influence proliferation, because (1) they are located close to the VZ and SVZ; (2) they are immunoreactive for GABA and glutamate; and (3) they can generate long-lasting network activity involving GABAergic and glutamatergic synaptic transmission. As already emphasized by Ghosh and Shatz (1992a) , the subplate represents more than a passive "waiting station" for afferent systems but also may play an active role in the maturation of the cortex.
